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Our previous studies showed that intranasal vaccination of vitamin A-deficient (VAD) mice failed to induce normal levels of up-
per respiratory tract IgA, a first line of defense against respiratory virus infection. Here we demonstrate that the impaired re-
sponses in VAD animals are corrected by a single intranasal application of retinyl palmitate with the vaccine. Results encourage
the clinical testing of intranasal vitamin A supplements to improve protection against respiratory viral disease in VAD
populations.

Vitamin A deficiencies (VADs) and insufficiencies have been
long-standing problems in the developing and developed

worlds, particularly in situations of low socioeconomic status,
prematurity, and disease (1, 2). The problem is related in part to
poor diets but also to the inability of some individuals to process
and transport vitamin A from the intestinal tract to target tissues.
In young children, liver stores of vitamin A are low, and in cases of
disease, both serum retinol and retinol binding proteins (neces-
sary for retinol transport) exist at extremely low concentrations.
Diarrhea and urinary excretion are associated with the inability of
some diseased children to process vitamin A (3).

In the context of vitamin A deficiencies, mucosal IgA responses
toward viruses and viral vaccines are impaired both in the gut and
in the upper respiratory tract (URT) (4–6). IgG responses are
relatively resistant to VAD compared to IgA responses, yielding an
increase in IgG/IgA ratios at the mucosal surface. Serum antibody
responses, being predominantly of the IgG isotype, are essentially
unchanged in VAD mice compared to control mice (4, 5). Given
that respiratory tract mucosal IgA serves as a correlate of protec-
tion against respiratory virus infections and lends to the protec-
tion conferred by respiratory virus vaccines (7–11), the lack of
healthy IgA responses may render VAD individuals particularly
susceptible to the diseases responsible for one-fifth of all deaths
among children under the age of five years (2, 12).

Vitamin A is acquired in the diet and can be stored in the liver
as retinol esters or can be transported through the circulatory
system in the form of retinol bound to retinol binding protein
(13). A ubiquitously distributed subfamily of enzymes, the alcohol
dehydrogenases, convert retinol to retinaldehyde, but the further
conversion of retinaldehyde to retinoic acid, the most important
metabolite for healthy immune function, requires a subfamily of
aldehyde dehydrogenases (ALDH1A) with restricted tissue and
cell distribution (6).

ALDH1A expression was previously proposed to occur pri-
marily within dendritic cells (DC) of the gut (6). However, we
recently discovered that ALDH1A is constitutively expressed by
epithelial cells lining the upper and lower respiratory tract airways
(14). We found that respiratory tract epithelial cells were also able
to produce cytokines supportive of IgA production and to upregu-
late IgA secretion following B cell activation in a tissue culture

setting. On the basis of these results, we hypothesized that an
intranasal (i.n.) application of vitamin A administered at the time
of i.n. viral vaccination could correct the loss of vaccine-induced
IgA in the URT. Here we show that a single dose of vitamin A in
the form of retinyl palmitate or retinol administered by the i.n.
route at the time of i.n. vaccination suffices to correct URT IgA
responses in VAD hosts.

To establish VAD mice, pregnant female C57BL/6 (H2b) mice
(day 4 to 5 estrus) from Jackson Laboratories (Bar Harbor, ME)
were placed on characterized diets (Harlan Laboratories, Madi-
son, WI) in filter-top cages in a biosafety level 2� containment
area. Animal care was as specified by the Association for Assess-
ment and Accreditation for Laboratory Animal Care (AAALAC)
guidelines and approved by the Institutional Animal Care and Use
Committee (IACUC).

The VAD diet (catalog no. TD.10762; Harlan) was formulated
with casein, DL-methionine, sucrose, corn starch, cotton seed oil,
cellulose, mineral mix AIN-76 (catalog no. 170815; Harlan), cal-
cium carbonate, vitamin mix (lacking vitamin A) plus choline,
and food coloring. The control diet included vitamin A palmitate
at 15 IU/g (catalog no. TD.10764; Harlan). Animals were sus-
tained on the diet throughout their pregnancies, and weaned pups
were on the diet until adulthood (when experiments were initi-
ated) and throughout experimentation. Samples from VAD and
control mice were tested for retinol at the Texas Veterinary Diag-
nostic Laboratory (Fort Collins). Mice on the control diet exhib-
ited serum retinol levels of greater than 20 �g/dl, whereas retinol
could not be detected in the sera of VAD mice (�10 �g/dl).
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The first experiments were designed to test the hypothesis that
administration of vitamin A by the i.n. route at the time of vacci-
nation would suffice to correct the impaired vaccine-induced IgA
in the VAD URT. To test this hypothesis, we grouped mice to
receive replication-competent Sendai virus (SeV), a parainfluenza
virus type 1 (PIV-1) of mice (currently being developed as a Jen-
nerian vaccine for human PIV-1 [15]), with or without a vitamin
A supplement. Mice were anesthetized with avertin and then ad-
ministered 250 to 500 PFU of SeV by the i.n. route. The supple-
ment was either retinyl palmitate (600 IU/mouse in 12 �l water-
glycerin; Nutrisorb A [Interplexus Inc., Kent, WA]) or retinol
(300 �g in 12 �l ethanol) (Sigma, St. Louis, MO,), delivered 15
min after infection to ensure that excipients would not interfere
with infection.

Four weeks later, we tested mice for SeV-specific IgA in nasal
washes (NW) and IgA antibody-forming cells (AFCs) in diffuse
nasal-associated lymphoid tissues (d-NALT). Mice were first
anesthetized with avertin and exsanguinated. NW samples were
collected by exposing the trachea and washing the upper trachea
and nasal cavity with 200 �l of phosphate-buffered saline (PBS).
Mice were perfused with PBS injected through the retro-orbital
sinus, after which d-NALT were collected. d-NALT were isolated
by removing skin, lower jaws, palates (including the attached
o-NALT), muscles, cheek bones and incisors from the heads. The
remaining snouts were cut into small pieces and digested with 4
mg/ml collagenase in PBS at 37°C for 30 min. Cells were then
purified on Percoll gradients as described previously (16).

Mucosal IgA was tested with an SeV-specific enzyme-linked
immunosorbent assay (ELISA) (16). Briefly, purified SeV was
lysed in disruption buffer (0.05% Triton X-100, 60 mM KCl, 10
mM Tris [pH 7.8]) and diluted with PBS to 10 �g/ml for the
coating of 96-well ELISA plates. The plates were stored overnight
at 4°C. The plates were blocked with PBS containing 1% bovine
serum albumin (BSA), after which serially diluted test samples
were applied for a 1-h incubation at 37°C. The plates were washed
with PBS-Tween 20 (0.05%) and incubated with alkaline phos-
phatase-conjugated goat anti-mouse IgA (catalog no. 1040-04;
Southern Biotech, Birmingham, AL). Assays were then developed
with p-nitrophenyl phosphate (catalog no. N2640; Sigma-Al-
drich) and read at an optical density (OD) of 405 nm. IgA titers
were determined using one-site binding nonlinear regression soft-
ware (GraphPad Prism; GraphPad Software, San Diego, CA).

IgA antibody-forming cells were tested by enzyme-linked
immunosorbent spot assays (ELISPOTs). Briefly, ELISPOT
plates (MultiScreen-IP filter plates [catalog no. MAIPS4510;
Millipore, Billerica, MA]) were coated with purified SeV at 1
�g/100 �l/well overnight at 4°C (16). The wells were washed 4
times with PBS and blocked with medium containing 10% fetal
calf serum (FCS). The cells were then applied to the wells (5 �
104 to 1 � 105 cells/well) and incubated for 3 h at 37°C. The
plates were washed 4 times with PBS and 4 times with PBS-
Tween 20. Then, alkaline phosphatase-conjugated goat anti-
mouse IgA (100 �l) was added in PBS-Tween 20 with 1% BSA.
After overnight incubation at 4°C, the antibodies were removed,
and the plates were developed with 5-bromo-4-chloro-3-indolyl-
phosphate (BCIP)/Nitro Blue Tetrazolium (NBT) substrate (cat-
alog no. B5655; Sigma-Aldrich). The plates were rinsed with wa-
ter, and spots were counted using a Nikon dissecting scope.
Studies were focused on the IgA response, because the IgG re-
sponse is relatively stable in the context of VAD (5).

Unpaired t tests were used to compare ELISA and ELISPOT
data among groups (GraphPad Prism software). All experiments
were repeated to ensure reproducibility.

Results are shown in Fig. 1. As demonstrated in Fig. 1A and as
expected, the responses in VAD mice were significantly reduced
compared to responses in control mice. In contrast, mice that had
received just one dose of i.n. retinyl palmitate or retinol showed
improved virus-specific IgA responses. Vitamin A delivered in the
form of retinyl palmitate was superior to retinol, likely due to the
unstable nature of retinol (17). For the same reason, retinyl palmi-
tate is often the preferred product for use in clinical vitamin A
supplementation programs (18, 19).

Results shown in Fig. 1B demonstrate clearly that IgA-produc-
ing AFCs were also much reduced in VAD animals but were im-
proved when VAD mice received retinyl palmitate or retinol by
the i.n. route with the vaccine. Because SeV-specific IgA-produc-
ing cells constituted a large fraction of all IgA-producing cells in
the URT 1 month after SeV infection, we found that both the
SeV-specific and total IgA-producing AFC numbers were reduced
in the context of VAD, and both were improved when mice were
given vitamin A (data not shown).

Retinyl palmitate is recognized as a standard and relatively safe
form of vitamin A, but it can be associated with toxicities at high
doses. The precise human dose required to ensure efficacy without
toxicity remains a point of controversy. Past studies have yielded
differing results, presumably due to differences in target popula-

FIG 1 Intranasal vitamin A supplements correct impaired mucosal IgA re-
sponses in the context of VAD. Mice were reared on VAD or control diets prior
to infection with SeV. SeV was administered to VAD mice with or without
supplements with retinyl palmitate (600 IU/mouse) or retinol (300 �g/
mouse). Immune responses were assayed approximately 4 weeks later. (A)
Nasal wash titers of SeV-specific IgA are shown for each group of mice. Mice
were tested individually. The numbers of mice per group were 4, 2, 4, and 5,
respectively, for the control, VAD, VAD-plus-palmitate, and VAD-plus-reti-
nol groups. A repeat experiment yielded similar results with the same numbers
of mice in the respective groups. (B) SeV-specific IgA-producing AFC of the
d-NALT are shown per 5 � 104 cells. The numbers of mice per group were 5,
2, 4, and 5, respectively, for the groups of control, VAD, VAD-plus-palmitate,
and VAD-plus-retinol mice. The tissue samples were combined in each group
and tested in quadruplicate. A repeat experiment yielded similar results with
the same numbers of mice in the respective groups. Values are means plus
standard errors of the means (error bars). P values are shown to demonstrate
significance for comparisons of the values for VAD mice and VAD mice given
a supplement.
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tion ages and preexisting vitamin deficiencies and to differences in
vitamin sources and doses. Hussey and Klein reported that a dose
of 400,000 IU vitamin A palmitate associated with safe and signif-
icant protection from morbidity and mortality in children with
measles in Cape Town, South Africa (20). Huiming et al. similarly
reported that two oral doses of vitamin A (100,000 IU/dose in
infants and 200,000 IU/dose in older children) reduced the risk of
mortality in measles virus-infected children in the �2-year-old
age group (21). When vitamin A is administered to VAD infants
with immunizations, the World Health Organization (WHO)
now recommends an oral dose of 100,000 IU in infants and
200,000 IU in children 12 months or older (12). In other circum-
stances, lower doses may be recommended to reduce the risk of
transient side effects, including fontanelle bulging (22), but ques-
tions remain as to whether lower oral doses (e.g., 25,000 IU) are
sufficient to provide substantial benefit to VAD children (23).

To gain a better understanding of the i.n. retinyl palmitate dose
requirements in our preclinical model of VAD, we tested serial
dilutions of retinyl palmitate in PBS administered 15 min after
SeV vaccinations. The results in Fig. 2 show that a single i.n. dose
of 600 IU was best, but a dose of only 60 IU retinyl palmitate
significantly improved mucosal IgA and d-NALT IgA AFC re-
sponses in VAD animals. Future studies are planned to examine
the durability of the mucosal IgA response supported by vitamin
supplements and to determine whether responses at other muco-
sal surfaces (e.g., the gastrointestinal tract) are influenced when
vitamin A supplements are delivered by the intranasal route. The
locally administered dose of 60 IU per 20-g mouse (3,000 IU/kg of
body weight) falls far below the high dose recommended by the
WHO (100,000 IU/infant) on a dose/weight scale and is unlikely
to cause the adverse events typical of high-dose, orally adminis-
tered vitamin A.

Are VAD mice more susceptible than control mice to infec-

tions after first or second exposures to SeV? Because mice are the
natural hosts of SeV, control mice lose weight following their first
exposure to SeV but then mount a robust immune response that is
virtually always protective against a second infection. We found
that despite low levels of mucosal IgA, VAD mice experienced
viral titers (on day 7 postexposure) and weight loss (from days 0 to
10 postexposure) values that were fairly similar to those of control
mice after their first SeV infection (4). Studies of histopathology
and tissue repair are in progress. VAD mice were also protected
against a second exposure to SeV (data not shown). Future plans
are to test protection of mice in the context of a Jennerian vaccine
approach to mimic our human clinical studies (15). In this case,
we will immunize mice with human parainfluenza virus type 1 as
we have described previously (24) and determine whether vacci-
nated VAD mice are more susceptible than control mice to a sub-
sequent challenge with SeV.

In conclusion, we have demonstrated that mucosal IgA re-
sponses toward an intranasal respiratory virus vaccine are im-
paired in VAD mice but that responses can be corrected with a
single intranasal dose of vitamin A at the time of vaccination.
Decades ago, the World Health Organization established policies
and recommendations that vitamin A supplements should be ad-
ministered orally to VAD children during vaccination campaigns.
In many cases, supplementation programs have proven advanta-
geous, but as described above, benefits may not always be evident,
perhaps due to insufficient dosing and/or poor transport of vita-
min A from the gut to target tissues in VAD hosts. The study
described here suggests an alternative strategy. Results encourage
clinical studies of the logistically feasible delivery of vitamin A
supplements by the i.n. route at the time of respiratory virus vac-
cination. The dosing requirements for retinyl palmitate by the i.n.
route may be relatively low, because vitamin is delivered directly
to its target tissue and does not rely on transport from the gut. If

FIG 2 Vitamin A may be administered at a low dose with vaccine by the i.n. route to correct mucosal IgA responses in VAD animals. Control mice and VAD mice
were infected with SeV. SeV was administered to VAD mice with or without retinyl palmitate given at the doses indicated in the figure. Mucosal IgA titers (A) and
d-NALT IgA AFC responses (B) are shown. For ELISAs, mice were tested individually. The numbers of mice per group were 4, 5, 4, 5, 5, and 5, respectively, for
the control group and groups given VAD, VAD plus palmitate 600 IU, VAD plus palmitate 60 IU, VAD plus palmitate 6 IU, and VAD plus palmitate 0.6 IU. A
repeat experiment yielded similar results with 5, 5, 5, 5, 4, and 4 mice in the respective groups. For ELISPOTs, mouse tissue samples in each group were pooled
and tested in quadruplicate. The numbers of mice per group in each experiment were the same as for the ELISAs described above. Values are means and standard
errors of the means (error bars). P values are shown for comparisons of the values for VAD mice and VAD mice given a supplement.
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future clinical studies exhibit the successes demonstrated in this
report, coformulation of respiratory virus vaccines (e.g., SeV-
based vaccines or FluMist) with vitamin A may simplify the logis-
tics of supplementation while enhancing vaccine efficacy. An im-
proved and robust local response to viral vaccines may ultimately
enhance the protection of VAD individuals from the devastating
consequences of respiratory viral disease.
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